The thermal resistances across heterogeneous material interfaces are well known to influence heat dissipation mechanisms in materials and devices with characteristic length scales approaching the Kapitza length, l K , defined by l K ¼ jR K ¼ j/h K . In this equation, j is the thermal conductivity of a material adjacent to the interface, R K is the thermal boundary resistance ("Kapitza resistance"), 1 and h K ¼ 1/R K is the thermal boundary conductance. [2] [3] [4] [5] [6] Historically, understanding of the phonon transport mechanisms driving the thermal boundary conductance across interfaces has relied on the concept of energy transmission driven by the relative dissimilarities of the acoustic properties 7, 8 or phonon densities of states 2 intrinsic to the bulk of the two materials comprising the interface. More recently, defects and atomic disorder in the form of substrate roughness, 9,10 dislocations, 11 atomic diffusion, 12 nanoscale or molecular defects, 13, 14 and structurally disordered thin films (with thicknesses d ( l K ) 9, [15] [16] [17] [18] at and near the interface have been shown to decrease h K as compared to the corresponding "perfect" interface. 4 Under certain conditions, the inclusion of additional interfacial moieties in the form of point defects or thin films can be used to increase the thermal boundary conductance (decrease the thermal boundary resistance). For example, our recent work has shown that point defects generated from ion irradiation can lead to increases in thermal boundary conductance 15 by creating a spatial gradation of vibrational properties, similar to the so-called "vibrational bridge" effect that was computationally observed via molecular dynamics. 19, 20 As another example, the inclusion of surface adsorbates, [21] [22] [23] molecules, 24, 25 and adhesion layers 26 between a film and a substrate have been shown to increase the thermal boundary conductance across the interface. In this case, the placement of these interfacial moieties has led to stronger bonding across an otherwise relatively weakly bonded interface. The increase in bond strength then leads to an increase in thermal boundary conductance due to better coupling of high frequency phonon energies from one side of the interface to the other. 27, 28 However, as previously mentioned, while interfacial adhesion layers and "defects"/moieties could lead to increases in the relative h K due to bonding, the increase in interfacial disorder or additional interfaces (e.g., adhesion layers) could also lead to decreases in h K , and this interplay between the interfacial region increasing vs. decreasing the thermal boundary conductance is relatively unstudied. For example, when molecules have been used to increase the bonding at film/substrate interfaces, and thus increase h K , the intrinsic thermal resistance of the interfacial molecule at the junction is assumed negligible 24, 25 (i.e., heat flow through the molecule is ballistic). 29, 30 A large enough molecule at a film/substrate interface that exhibits diffusive thermal transport can lead to reductions in h K , 13, 31 thus counteracting any benefit of increased adhesion on thermal boundary conductance. This interplay is poorly understood and has pronounced impacts on our understanding of the intertwined role of defects and adhesion layers on the thermal boundary conductance across interfaces, along with the ability to assess and validate concepts and theories of thermal boundary conductance at strongly bonded interfaces.
Thin titanium (Ti) and TiO x adhesion layers have been predominantly used in thin film manufacturing to increase a) phopkins@virginia.edu interfacial bonding to a dielectric substrate. This is due to the fact that the typical Ti adhesion layer allows for an ameliorated adherence of other metal films, such as Au, Pt, Ni, and Al, to these dielectric materials. The use of these adhesion layers covers a wide array of applications, including metal contacts in electronic devices, lithium ion thin film microbatteries, 32, 33 split-ring resonators, [34] [35] [36] and plasmon damping. 37, 38 The influence of Ti adhesion layers has also been examined for its effects on thermal transport in thin gold films on various substrates. 26, 39, 40 As interfaces can become the dominant resistors in thin film systems, their thermal management is paramount in multilayer geometries, and thus, understanding the growth and chemistry mechanisms that influence the thermal performance of these adhesion layers is of the utmost importance.
In this work, we describe the results of a series of measurements across Au/non-metal substrate interfaces [amorphous silica (SiO 2 ), crystalline silica (quartz), sapphire (Al 2 O 3 ), and magnesium oxide (MgO)] with TiO x adhesion layers ranging in oxygen stoichiometries from 0 x 2.85. We achieve this range of oxygen stoichiometries through the fabrication of two different sets of Au/TiO x /substrate samples, one evaporated under high vacuum (HV) using different Ti deposition rates and the other evaporated under ultrahigh vacuum (UHV). In the UHV conditions, we identify the role of the Ti film thickness on the thermal boundary conductance, while the HV-deposited Ti demonstrates a clear dependency on the oxygen stoichiometry and hence deposition conditions. In general, our results suggest that Ti layers with relatively low oxygen compositions are best suited to maximize the thermal boundary conductance.
In the first part of this study, we fabricate the Au/TiO x / substrate samples with electron-beam evaporation in HV. For the TiO x layers, we evaporate Ti at 0.1, 0.5, and 1.0 Å /s in separate runs on two sets of quartz, SiO 2 , MgO, and Al 2 O 3 substrates. Prior to this, the quartz, SiO 2 , and Al 2 O 3 were sonicated in isopropanol, acetone, and methanol for 5 min each and then placed in a MARCH O 2 Plasma Etcher for 10 min. The MgO substrate was spin-cleaned with isopropanol, acetone, and methanol. After cleaning, the samples were immediately placed in the electron beam evaporator and pumped down to $10 À6 Torr. Following the 3 nm Ti evaporation, we evaporate 3 nm of Au at 0.2 Å /s without breaking vacuum. The evaporator was then vented, and one of each substrate was removed to be analyzed via x-ray photoelectron spectroscopy (XPS). The evaporator was then pumped down to $10 À6 Torr once again, and an additional 47 nm Au was deposited at 1 Å /s. All depositions were performed with a rotation speed of 17 rpm. XPS was used in determining the composition of the underlying TiO x interface in the thinner sample set. X-ray reflectivity (XRR) was used to determine a thickness of $50 nm Au on the thicker sample sets. As a comparison, we also evaporate 50 nm of Au on the various substrates without an adhesion layer. XPS data were acquired with a monochromated x-ray source at a pass energy of 50 eV in a UHV system described elsewhere. 41 Figure 1(a) shows XPS spectra of the O 1s core level in three distinct Ti films deposited on SiO 2 substrates at different deposition rates. The O 1s spectra are each composed of two features: a peak at 530.5 eV, corresponding to Ti-O bonds, 42 and a broader feature at the high binding energy shoulder which is attributed to hydrocarbon species. This higher binding-energy feature decreases in intensity relative to the Ti-O state as the deposition rate is increased. The deconvolution of the spectra indicates that at 0.1 Å /s, 46% of the total oxygen signal is from Ti-O bonds. This value increases to 71% and 76% at 0.5 and 1 Å /s, respectively. The deposition rate determines the impingement rate of Ti atoms on the surface of the substrate relative to the impingement rate of residual gases in the chamber. 43 A cleaner interface results as Ti atoms arrive at a faster rate, allowing less opportunity for the physisorption of contaminants. Due to the constant partial pressure of oxidizing species under HV deposition conditions, the resulting Ti film is always composed primarily of oxide regardless of the deposition rate. The oxygen composition as a function of the Ti deposition rate of these high vacuum-evaporated interfaces determined via our XPS analysis is shown in Fig. 1(b) . Note: this only accounts for oxygen that is bonded to Ti in the adhesion layer. We use time-domain thermoreflectance (TDTR) to measure h K across the Au/substrate interfaces, the details of which are discussed in the supplementary material. [44] [45] [46] The values are presented only for quartz, MgO, and Al 2 O 3 substrates due to a lack of sensitivity in SiO 2 samples. 47, 48 The Au/TiO x /substrate thermal boundary conductances as a function of x in TiO x are plotted in Fig. 2 for the 3 nm evaporated TiO x layers. As expected, the measured thermal boundary conductances across the Au/TiO x /substrate interfaces are higher than the Au/substrate interfaces without the adhesion layer (in most cases, more than a factor of three higher), which is most likely a consequence of increased adhesion between the Au and the substrate and consistent with previous results. 26 In general, we observe a reduction in h K with an increase in the oxygen composition in the TiO x layer for the MgO and Al 2 O 3 substrates. Since the oxygen composition is directly related to the deposition rate in our evaporator, an initial qualitative conclusion is that under typical HV conditions, the deposition rate of evaporated Ti will result in TiO x with varying x, and a higher oxygen composition in this evaporated adhesion layer leads to a lower h K across the Au/TiO x /MgO and Au/TiO x /Al 2 O 3 interfaces. While in most of these cases TiO x offers an improved h K as compared to the thermal boundary conductance across the Au/substrate interface without the adhesion layer, for the case of the largest oxygen composition x ¼ 2.85, the impact of the adhesion layer loses its pronounced benefit in terms of increasing h K . The thermal boundary conductance across this Au/TiO 2.85 /MgO interface is about a factor of two higher than the Au/MgO case, while for lower oxygen compositions in the evaporated TiO x adhesion layer, the improvement in thermal boundary conductance is a factor of three to four times higher.
Another feature we observe in Fig. 2 is that the thermal boundary conductance across the Au/TiO x /quartz is independent of x. There could be several mechanisms at play which cause this different trend in h K vs. x for the quartz substrate as compared to MgO and Al 2 O 3 , including reduction of the deposited Ti and differing TiO x film qualities and morphologies. The variabilities and vacuum levels of this evaporator prevent us from making more quantitative conclusions on these particular samples beyond our initial qualitative conclusion related to the processing, chemical composition, and thermal boundary conductance, discussed above. However, we gain more insight into this relationship by repeating this study with UHV-grown titanium adhesion layers. In this case, due to the UHV conditions in our chamber, the reduced physisorption of foreign species is correlated with a decrease in oxidized Ti at the substrate.
The Ti adhesion layers were deposited in UHV (7.5 Â 10 À10 Torr) via electron-beam evaporation on the same aforementioned substrates using identical cleaning procedures. Samples were subsequently coated with a thin layer of gold in situ to prevent oxidation of the underlying Ti layer. 43 The gold was deposited until the XPS signal of the substrate is buried, and its thickness was later confirmed with XRR. The samples were immediately transferred to the HV evaporator and pumped down to $10 À6 Torr to be deposited with a thicker Au layer (47 nm). A comparison of the Ti 2p spectra for Ti deposited at 1.0 Å /s in HV and Ti deposited at <0.1 Å / s under UHV is shown in Fig. 1 of the supplementary material. In the HV-deposited sample, metallic Ti accounts for only 6% of the total Ti signal and the remainder is from TiO 2 . In contrast, Ti deposited in UHV appears purely metallic.
The measured thermal boundary conductances as a function of the Ti layer thickness are shown in Fig. 3 . In the cases of Al 2 O 3 and MgO, there is a clear increase in h K with increasing Ti thickness. On the other hand, as the thickness of Ti increases on the quartz substrate, the thermal boundary conductance remains relatively constant. An increase in thermal boundary conductance (decrease in thermal boundary resistance) with an increase in the film thickness suggests that the Ti film is not in a fully thermally diffusive regime, and thus at least partially ballistic electron and/or phonon transport of carriers emitted from the Au is occurring in the Ti layer. This is the case in Al 2 O 3 and MgO for the Ti thicknesses presented here. However, to explain the phenomena observed in the quartz substrate, we must examine the free energies of the Mg-O, Al-O, and Si-O bonds. As the Ti-O bond has a smaller free energy compared to Mg-O and Al-O bonds, 49 Ti near the substrate will not break these bonds to form TiO x . On the other hand, the free energy associated with the Ti-O bond is smaller than that of Si-O, suggesting that Si-O bonds near the interface break to form TiO x . This 
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Olson et al. Appl. Phys. Lett. 112, 171602 (2018) is confirmed via XPS, shown in Fig. 4 With this additional information, we revisit h K in the HV evaporated quartz samples. Regardless of the deposition rate, the conductance across the Au/TiO x /quartz interface is not altered significantly across oxygen stoichiometries. Based on XPS data from UHV grown samples, Ti deposited onto quartz and SiO 2 breaks the Si-O bond to form Ti-O, presenting similar bonding across the Au/TiO x /quartz interface. This is confirmed further in Ti grown under UHV conditions on quartz, whereby h K is not altered significantly. We currently do not understand why increasing the thickness of the Ti at this interface does not change hK. However, we note that since the UHV grown Ti is not purely metallic on this substrate, an increased contribution from vibrational transport will most certainly be playing a role compared to the pure Ti case.
There are a variety of factors that could alter our presented values for thermal boundary conductances at these interfaces. Differences in UHV and HV deposition parameters, for example, have the potential to alter the structure of the TiO x adhesion layer. In turn, differences in the structure can alter measured thermal boundary conductances, which could explain differences across deposition rates in HV-deposited adhesion layers and the increase in h K for UHV samples. Additionally, we cannot confirm that a conformal adhesion layer was deposited with a constant thickness. Indeed, we account for the uncertainty of the thickness of the Ti adhesion layer in our analysis of thermal boundary conductance, but this does not account for islanding or other complications arising due to electron-beam evaporated metals. We can conclude, however, that Ti adhesion layers deposited in UHV in general improve heat management compared to their HV counterparts, especially as the deposition rate of the Ti is lowered.
In summary, we report on a series of measurements demonstrating the role of oxygen stoichiometry on the thermal boundary conductance across Au/TiO x /substrate interfaces. Under HV conditions, where the evaporated Ti oxidizes upon reaching the substrate, we show that slower deposition rates correspond to a higher oxygen content in the TiO x layer, which results in a lower thermal boundary conductance across the Au/TiO x /substrate interfacial region. Under UHV conditions, pure metallic Ti is deposited on the substrate surface. In the case of quartz substrates, the metallic Ti reacts with the substrate and getters oxygen, leading to a TiO x layer. For the cases of Al 2 O 3 and MgO, we demonstrate that h K is dependent on the thickness of the adhesion layer. In general, our results suggest that Ti layers with relatively low oxygen compositions are best suited to maximize the thermal boundary conductance.
See supplementary material for details including the choice of adhesion layer deposition rates, calculation of the adhesion layer stoichiometries and thicknesses, a description of TDTR, and a comparison of the XPS spectra of Ti deposited in HV and UHV. 
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